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Abstract 
The thesis presents the comprehensive laboratory study of Municipal Solid Waste, 
performed to characterize and determine the compaction characteristics of 
Hyderabad Municipal Solid Waste collected from Jawahar Nagar and Auto Nagar 
Landfills. The city of Hyderabad is ranked the sixth largest urban agglomeration in 
the entire country. The population growth experienced (4.3 to 5.7 million) during the 
decade 1991-2001 is further expected to continue to increase by 13.64 million 2021. 
Solid waste in Hyderabad Urban areas in the state of Telangana have generated solid 
waste more than 11.5 thousand tons/day which is a 9% of all solid waste generated 
in India. At present, a total of 3063 tons per day (TPD) of municipal solid waste 
(MSW) is being collected, transported and disposed by the GHMC on a daily basis. 
The waste is being dumped at various disposable sites located mainly at Jawahar 
Nagar, Shamshiguda, the BHEL site near BDL and Fathullaguda. Jawahar Nagar 
site is the major dumping ground in Hyderabad which receives a total MSW of 
2,618 tons/day from different transfer stations in the city. Apart from that Jawahar 
Nagar dumping yard also receives another 200 tons/day MSW from other 4 circles 
of the Hyderabad directly. Jawaharnagar landfill under Greater Hyderabad 
Municipal Corporation (GHMC) has its dumpsite located in a village of Ranga 
Reddy District, over an area of approximately 350 acres and about 3500 metric tons 
of waste generated in the city of Hyderabad are disposed over here on a daily basis. 
Autonagar landfill site is spreaded over 47 acres. It is in proximity to the famous 
'Deer Park'(Mahavir Harina Vanasthali National Park), Hyderabad. It received 
approximately 800 metric tons of Municipal Solid Waste every day. The thickness 
of Garbage at this side varied from 2 to 8 m. This dump was operational till 5 years 
ago. As per GHMC estimates, it has MSW of about 2.5 million MT. (in 2007).  
The present investigation includes visiting of Hyderabad Landfill, in – situ testing, 
sample collection, waste characterization and large scale and CU test Laboratory 
testing program. This thesis summarize the waste characterization of MSW samples 
collected from Jawaharnagar and Autonagar Landfill as well as their shear strength 
characteristics also. Two types of samples were collected from Jawaharnagar 
landfill, one is running processed waste and another one is from dumpsite where fly 
ash percentage is more. Moreover, third sample was collected from Autonagar 
which is dump of near about 5-7 years. All the samples were collected from the top 
surface of the landfills. The field moisture contents were determined immediately. 
Sieve analysis of three samples of MSW were carried out and grain size distribution 
curve is drawn. Moreover, the Proctor compaction test was carried out and reported 
the optimum moisture contents and maximum dry densities of MSW samples 
collected from Jawahar Nagar and Autonagar landfills. These parameters are very 
useful in assessing the stability of MSW slopes. 
A comprehensive large scale direct shear and CU Test was performed at IIT 
Hyderabad using three waste samples, two sample collected from Jawaharnagar 
Landfill another one from Autonagar Landfill. The MSW samples are 2-15 years old 
and samples are collected from the surface of the landfill. The effects of waste 
composition, unit weight, specific Gravity and permeability, shear strength, 
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confining stress were studied to evaluate the Geotechnical Characteristics of MSW 
Landfills. 
 
From the experiment results it can be noted that the changes in the unit weight and 
specific gravity indicates that the MSW unit weight is governed by the waste 
composition and compaction efforts applied when first placed, and the effective 
confining stress currently acting on it, which is largely a function of its current depth 
in the landfill. 
 
From large scale direct shear test, it is observed that the shear strength of MSW is 
highly anisotropic, and the angle between the fibrous material orientation and the 
shear surface is important. Thus, the stress-strain response and the shear strength of 
MSW in the field should also be different depending on the orientation of the 
potential shear surface and the orientation of the fibers in the waste in-situ. It is also 
observed from large scale direct shear test that the reduction of the friction angle 
with increasing confining stress resulted in a non-linear shear strength envelope.  
 
From the CU Test, it is noted that the results are in agreement with the values 
published in the literature. After carrying out the experimental work, the histograms 
are plotted for quantifying the variability associated with unit weight, permeability, 
and cohesion and friction angle of MSW. The variability information will be useful 
for conducting reliability analysis of MSW landfills. 
 
 
Key Words. Municipal Solid Waste, Landfill, Grain Size Distribution and Proctor 
Compaction Test, CU test.  
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Nomenclature 
 
GHMC - Greater Hyderabad Municipal Corporation 
MSW – Municipal Solid Waste 
GSD – Grain Size Distribution 
P-P Plot – Percentile –Percentile Plot 
Q-Q Plot – Quantile –Quantile Plot 
MLF - Material Loss Fraction 
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Chapter 1. Introduction 
1.1 Problem Statement. 
Every year and every day millions of tones waste are generated in India. This is due 
to rapid urbanization and changing of lifestyle. This has led to the generation of 
huge amount of garbage and waste. Therefore, maintaining MSW Management is a 
difficult challenge. The composition of municipal solid waste varies greatly from 
municipality to municipality (country to country) and changes significantly with 
time. In municipalities (countries) which have a well-developed waste recycling 
system, the waste stream consists mainly of intractable wastes such as plastic film, 
and unrecyclable packaging materials. Waste can be classified in several ways, but 
the following list represents a typical classification. 
 Biodegradable waste. Food and kitchen waste, green waste, paper (can also 
be recycled). 
 Recyclable material. Paper, glass, bottles, cans, metals, certain plastics, 
fabrics, clothes, batteries etc. 
 Inert waste. Construction and demolition waste, dirt, rocks, debris. 
 Electrical and electronic waste (WEEE) - electrical appliances, TVs, 
computers, screens, etc. 
 Composite wastes. Waste clothing, Tetra Packs, waste plastics such as toys. 
 Hazardous waste including most paints, chemicals, light bulbs, fluorescent 
tubes, spray cans, fertilizer and containers 
 Toxic waste including pesticide, herbicides, fungicides 
 Medical waste. 
Increasing MSW in the metropolitan cities exerts a great pressure on the existing 
landfills to place more waste than was specified in the original design. Such 
decisions are often based on economic considerations, and engineers need to find 
innovative ways to accommodate more waste in the existing landfills. The waste 
generated is quickly filling up the existing landfills. Space is becoming scarce since 
it is needed for housing and other services for people. Further, the existing landfills 
or waste dumps are not well operated. Adequate characterization of the waste 
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material is of paramount importance for evaluating the safety of the project and 
optimizing waste fill design practices. Improper waste management can lead us to 
serious environmental and health hazard. Failure of the landfills although not 
common, occur on a regular basis in countries around the world. Landfill slope 
failures have occurred in many locations around the world, such as. 
• In March, 9, 1996 in the Rumpke Sanitary Landfill in Ohio, USA 
• On 27 September 1997, a solid-waste slope failed at the Dona Juanna landfill  
• On July 10, 2000, after heavy rainfall induced by the Typhoon Kai-Tak 
• In March 2003, in the Ano Liosia landfill,  
• On, February, 21, 2005, after 3 days of heavy rainfall, a failure in Leuwigajah 
dumpsite Located close to Bandung, the capital of Indonesian Western Java 
Province, took place. 
From the figure below it shows how much waste generated in Indian states as well 
as Indian Cities as per Central Pollution Control Board report 2009-2012. 
 
Figure 1-1. Waste Generation in Indian States 
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Figure 1-2. Waste Generation in Indian Cities 
Geotechnical characterization of MSW samples is necessary as the heterogeneity of 
MSW, wide variation in particle size distribution and time dependent degradation, 
its characteristics change time to time. Therefore, for the proper waste management 
and for the purpose of landfill design, the characterization is very important.  
Table 1.1. Waste Generation in Hyderabad City 
 
Year 
Population 
Per Capita Waste 
(gm./cap/day) 
Waste generated 
(tons/day) 
MCH 
Surrounding 
ULBs 
MCH 
Surrounding 
ULBs 
MCH 
Surrounding 
ULBs 
2001 36,86460 12,94612 607.44 517.9 2239.2 670.5 
2006 41,22,370 22,65,541 651.44 556.1 2685.5 1259.7 
2011 44,97,666 31,59,645 698.68 596.3 3142.4 1884.1 
2016 48,59,148 37,63,325 749.35 657.7 3641.2 2475.1 
2021 51,97,008 50,90,000 803.69 683.7 4176.8 3480.0 
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GHMC area will generate around 4176 tons/day of solid waste by 2021. 
The outer municipalities would be generating an additional solid waste of around 
3480 tons/day by 2021. Total = 7656 tons/day by 2021. 
The city of Hyderabad is ranked the sixth largest urban agglomeration in the entire 
country. The population growth experienced (4.3 to 5.7 million) during the decade 
1991-2001 is further expected to continue to increase by 13.64 million 2021. 
Courtesy of the Greater Hyderabad Municipal Corporation (GHMC), the city is 
divided into five zones whose average population densities in persons per square km 
are. East zone (7899.86), South zone (32777.42), Central (27257.28), West (6684.3) 
and North (16590.98) zones. Solid waste in Hyderabad Urban areas in the state of 
Telangana have generated solid waste more than 11.5 thousand tons/day which is a 
9% of all solid waste generated in India. Every individual in Telangana generates 
solid waste on an average 570 gm/day which is close to other states, such as, Tamil 
Nadu (630 g/day) and Jammu and Kashmir (600 g/day).  
At present, a total of 3063 tons per day (TPD) of municipal solid waste (MSW) 
is being collected, transported and disposed by the GHMC on a daily basis. The 
waste is being dumped at various disposable sites located mainly at Jawahar 
Nagar, Shamshiguda, the BHEL site near BDL and Fathullaguda. Jawahar 
Nagar site is the major dumping ground in Hyderabad which receives a total 
MSW of 2,618 tons/day from different transfer stations in the city. Apart from 
that Jawahar Nagar dumping yard also receives another 200 tons/day MSW 
from other 4 circles of the Hyderabad directly. 
1.2 Information about Autonagar Landfill. 
• Autonagar landfill site is spreaded over 47 acres. It is in proximity to the 
famous 'Deer Park' (Mahavir Harina Vanasthali National Park), Hyderabad. 
• It received approximately 800 metric tons of Municipal Solid Waste every 
day. 
• The thickness of Garbage at this side varied from 2 to 8 m. 
• This dump yard was operational till 5 years ago. As per GHMC estimates, it 
has MSW of about 2.5 million MT. (in 2007). 
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1.3 Information about Jawaharnagar Landfill. 
• Jawaharnagar is a village located in Ranga Reddy district, near Hyderabad, 
India. It covers an area of 15,000 acres and is home to premier educational 
institutions like BITS Pilani Hyderabad Campus, Bio-Tech Park, and 
Meditech Valley are all located here. 
• The Greater Hyderabad Municipal Corporation (GHMC) has its dumpsite 
located in this village over an area of approximately 350 acres and about 
3500 metric tons of waste generated in the city of Hyderabad are disposed 
over here on a daily basis.  
• New facilities for resource recovery from waste such as compost, 
recyclables, RDF (Refuse Derived Fuel) are being created under PPP (Public 
Private Partnership) through reclamation and remediation of dumpsite area. 
The thesis is organized as follows.  
• Chapter 2. Review of Literature related to the present study. 
• Chapter 3. Sample collection and Landfill pictures. 
• Chapter 4. Geotechnical Characterization of collected MSW samples 
• Chapter 5. Large Scale Direct Shear test of the MSW Samples. 
• Chapter 6. CU Test on MSW samples.  
• Chapter 7. Conclusion from the present study.  
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Chapter 2. Literature Review 
 
The experimental investigation of the following parameters is carried out in the 
present thesis and it is briefly discussed here. 
2.1 Moisture Content and Organic Matter 
Different definitions and methods have been used by the researchers for moisture 
content and organic matter determination. It is difficult to compare the different 
results. A common procedure is needed for the comparative study. Moisture content 
depends on the composition of MSW waste. Siegel et al. (1990) report a field 
moisture content for the landfill ranging from 10% to 45%. Gabr and Valero (1995) 
reported that the moisture content as near about 30%. Sanchez-Alciturri et al. (1993) 
report a moisture content of 48% and organic content was estimated to be about 
33%. Coumoulos et al. (1995) reported a moisture content value of 75% to about 
30%. Gomes et al. (2002) concluded that a moisture content of MSW ranges 
between 61-96% and the organic content varies between 43% and 63% which is 
estimated by the heating MSW at 450o c.  
2.2 Unit Weight. 
The unit weight of municipal solid-waste (MSW) is an important material property 
in landfill engineering. MSW unit weight is required for many engineering analyses 
of landfill systems, including static and dynamic slope stability, geomembrane 
puncture, pipe crushing, and landfill capacity evaluation. Henke (1985) estimated a 
unit weight of 15.8 kN/m3 for a mixture of MSW and industrial waste. Schumann 
(1989) estimated a unit weight of 16 kN/m3 for a mixture of MSW, construction 
debris and excavation material. Sanchez-Alciturri et al (1993) reported a unit weight 
of 12 kN/m3 for Meruello landfill in Spain. Fasset et al. (1994) indicated that the 
unit weight ranges between 3 kN/m3 and 16 kN/m3. Shimizu (1997) reports a total 
unit weight of 7-10 kN/m3 for Port Harbor landfill in Japan. Dixon and Jones (2005) 
noted that the MSW unit weight was the only material property affecting all landfill 
analyses. Matasovic and Kavazanjian (1998) report that a landfill with a constant 
unit weight profile of 10 kN/m3. The Kavazanjian et al. (1995) reported that the unit 
weight as 10.5 kN/m3. Zekkos et al. (2005b) reported that the MSW unit weight 
varies from 3 to 20 kN/m3 based on the data compiled from 37 different landfills. 
Landva and Clark (1986) reported that the unit weight ranges from 8 to 17 kN/m3 
near the landfill surface of combinations of refuse and soil cover. It can be noted 
from the above literature review that the high degree of variability associated with 
MSW unit weight values. 
2.3 Specific Gravity. 
Specific gravity is used in geotechnical and geo environmental engineering in 
calculation of basic phase (i.e., weight–volume) relations including void ratio, 
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porosity, volumetric water content, degree of saturation, and unit weight of soil. 
Specific gravity (Gs) of soils typically is determined using water pycnometry. Water 
pycnometry was adopted by Hettiarachchi (2005), Entenmann and Wendt (2007), 
Reddy et al. (2009a, 2011), Breitmeyer (2011), and Wu et al. (2012) to determine 
specific gravity of MSW. The ASTM standard method (ASTMD854) for 
determination of Gs of soils, , was used in most of the studies. This test method 
requires testing on solids smaller than 4.75 mm diameter and a pycnometer with a 
minimum capacity of 250 mL. Use of a 500-mL pycnometer is common in 
geotechnical engineering practice with a recommended test specimen mass between 
50 and 100 g for fine- to coarse-grained soils, respectively. Tests were conducted on 
100-g specimens of a manufactured MSW sample with particle sizes less than 5 mm 
and the Gs was determined to be 1.6 by Hettiarachchi (2005). Reddy et al., (2009a) 
estimated Gs values for shredded fresh (from active face) and old (1.5 years) wastes 
collected from MSW landfill in the US. The authors reported that the measured 
specific gravities were ranging between 0.85 and 0.97 for fresh and old wastes, 
respectively. Moreover, Reddy et al. (2011) reported that the specific gravity of 1.09 
for the fresh wastes, and a range of 2.05 to 2.47 for specimens that underwent low to 
high degradation, respectively. Wu et al. (2012) conducted tests on waste samples 
obtained from shallow, middle, and deep layers of an MSW landfill in China. The 
particle size distributions of the waste samples from the three layers in the landfill 
indicated that 50–65% of the particle sizes were larger than 4.75 mm. Details were 
not presented, but tests may have been conducted on only a fraction of the waste 
samples. The Gs was reported by Wu et al., 2012 to be 1.51, 1.88, and 2.14 for 
shallow, middle, and deep layers, respectively.  
2.4 Hydraulic Conductivity. 
Dry unit weight is not only a function of void space but also varies with the specific 
gravity of the solids. Attention must be paid to this fact before comparing hydraulic 
conductivity values reported at different dry unit weights as the specific gravity of 
MSW may vary widely. The hydraulic conductivity of municipal solid waste 
(MSW) must be estimated for the design of the landfill containment systems. 
Korfiatis et al. (1984) reported that the unit weight of MSW is 8.6 kN/m3 and 
hydraulic conductivity varied from 5.0 x 10-3 till 3.0 x 10-3. Landva and Clark 
(1986) and Sharma and Reddy (2004) reported the results obtained from the field 
hydraulic conductivity tests conducted in Calgary, Edmonton, Mississauga, and 
Waterloo in Canada. They concluded that the dry unit weights varied from 10 to 
14.5 kN/m3 and the field hydraulic conductivity varied in the orders of 10-2–10-3 
cm/sec. Powrie and Beaven (1999) reported a hydraulic conductivity as within range 
2.7x10-6–3.7x10-8 cm /sec.  
2.5 Shear Parameters of MSW 
The shear strength of ground materials is probably the most important parameter for 
the performance of any slope stability analysis. However, for Municipal Solid-Waste 
(MSW) there is large variability in the reported shear strength in the literature. This 
is due to a number of reasons, including the variability of the material, which differs 
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among different landfills but also is expected to be different within the same landfill, 
the differences in testing procedures, in the material selected to be tested material, in 
the assumptions made by researchers, and the fact that there is not a consistent 
conceptual framework to evaluate the results of the tests, laboratory and in-situ, 
performed on MSW. Stoll (1971) estimated that the shear strength parameters of 
MSW, i.e friction angle of 44 degrees and cohesion is zero.  
Landva and Clark (1986) performed a series of large direct shear tests on the waste 
specimens from different Canadian landfills and they reported that the measured 
friction angle varied between 24 degrees and 42 degrees with a cohesion ranging 
between 10 and 23 kPa. Further, Landva and Clark (1990) performed additional 
testing using the large direct shear device and concluded that the friction angle 
ranges between 24 and 41 degrees and the cohesion ranges between zero and 23 
kPa. Siegel et al. (1990) presented results from their investigations on the OII 
landfill located in Los Angeles, California. Acrylic-tube samples of refuse having a 
diameter of 13 cm and retrieved from a depth of 4.6 to 25 m were used in direct 
shear testing. The specimen height was 7.6 to 10.2 cm. For all the tests, the peak or 
maximum shear stress correspond to shear displacements substantially exceeding 
10% of the specimen diameter, i.e. 16 to 39%. The lower bound estimates of the 
friction angles were 53o and 39o respectively and cohesion was zero. Withiam et al. 
(1995) reported the data from in-situ direct shear tests on a landfill near 
Metropolitan New York City. The tests were carried out in the direct shear device 
which has the dimensions of 1.5 m x 1.5 m x 1.5 m. It was observed that the failure 
envelope was defined by a cohesion intercept of about 10 kPa and an angle of 
friction of about 30 degrees.  
Gabr and Valero (1995) performed small-scale consolidated undrained triaxial tests 
(CU-TX) and small-scale direct shear tests in 15 to 30 year-old waste. The dry unit 
weight of the CU-TX specimens was 7.4-8.2 kN/m3 and had a specimen diameter of 
about 71 mm. The largest particle size was 12.5 mm in diameter and all larger 
particles were excluded. The authors observed that the cohesion intercept decreased 
from 100 kPa to 40 kPa with an increasing water content from 55% and 72% 
respectively. A cohesion increase was observed as the effective confining pressure 
increased. Strength parameters were evaluated at 20% axial strain  and cohesion was 
estimated to be equal to 17 kPa and the friction angle of 34o. 
Jessberger and Kockel (1995) performed large (diameter of 30 cm and height of 60 
cm) and small (diameter of 10 cm and height of 20 cm) scale triaxial compression 
tests. Assuming zero cohesion, the effective friction angle at the maximum strain at 
each test ranges between 31-49o. Houston et al. (1995) reported the two direct shear 
tests using a large square direct shear box. The tests resulted in a friction angle of 
33o to 35o and cohesion of about 5 kPa. Kolsch (1995) and Kolsch (1996) reported 
that the angle of internal friction varying from 35o for fresh waste, to 14o for 
decomposed waste and 0o for specimens with no fibers. Edincliler et al. (1996) 
performed direct shear tests on waste specimens with a diameter of 30 cm. The 
resulting Mohr-Coulomb strength envelope suggested a cohesion of 27 kPa and a 
friction angle of 42o. Mazzucato et al. (1999) performed a large direct shear tests in 
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a landfill in Verona, Italy and reported the magnitudes of shear parameters i.e.  a 
cohesion of 22 kPa and a friction angle of 17o while the “undisturbed” specimens 
yielded a cohesion of 24 kPa and a friction angle of 18o. Pelkey et al. (2001) 
performed a series of large-scale (450 mm long, 305 mm wide and with a height of 
each box equal to 300 mm) direct shear. Results show that a zero cohesion and a 
friction angle ranges from 26o to 29o. Caicedo et al (2002b) present the results from 
the Pycnometer and the direct shear tests. The data suggest that a cohesion intercept 
of 67kPa and a friction angle of 23o 
The review of the literature clearly indicates that the shear strength of MSW is 
primarily frictional in nature, i.e. the shear resistance of the material increases with 
confining stress. Overall, the shear strength estimated from stable and failed waste 
slopes is similar to the shear strength estimated from direct shear tests (Kavazanjian 
et al. 1995 and Eid et al. 2000).  
The review of the literature presented in the above sections clearly demands that the 
geotechnical characterization is of paramount important for the reliable assessment 
of stability of MSW slopes. Therefore, in the present study the experimental work is 
carried out on the three samples collected from Jawaharnagar and Autonagar 
landfills. Hence the need for the study and objectives and scope of the present 
investigation are listed in the subsequent paragraphs. 
2.6 Overall need for the study are as following. 
 Attractive methods for the disposal of large volumes of waste material do not 
exist as of now.  
  Therefore, the pressure for placement of more waste in existing landfills is 
increasing. 
 Safe placement of more waste in existing landfills requires sound 
engineering analyses. 
 For the reliable performance of such engineering analyses, reasonable 
characterization of the mechanical response of the waste material is required. 
 Recent landfill failures provide warnings of the need to advance the 
profession’s understanding of the mechanical response of municipal solid-
waste.  
  The characterization and classification of MSW for geotechnical 
engineering purposes is a difficult task. 
  There are no standard procedures, limited experience worldwide, and little 
interaction among the practitioners. 
  Adequate characterization of the waste material is of paramount importance 
for evaluating the safety of the project and optimizing waste fill design 
practices. 
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2.7 Objectives and Scope of the present study. 
1. Prepare an extensive and detailed database of engineering properties of waste 
materials (MSW) primarily from literature. 
2. Characterize the engineering properties Hyderabad MSW landfills 
(Jawaharnagar and Autonagar dumping yard) primarily strength 
characteristics in the probabilistic frame work. 
3. Evaluate the strength properties of waste.  
4. Assess the shear strength parameters of the Hyderabad MSW landfills in 
terms of reported values. 
5. Develop the histograms for use by engineers to take into account the 
variability associated with the strength parameters for a given risk and 
suggest remedial measures for optimal use of the available area. 
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Chapter 3. Samples Collection 
 
In total, three MSW samples were collected from both the landfills. Out of three 
samples, two were collected from Jawaharnagar landfill. Jawaharnagar waste 
consists of processed waste and flyash rich waste. The third sample which is 10-15 
years aged was collected from Autonagar dump yard. It can be noted that Autonagar 
landfill is a closed forever and Jawaharnagar landfill is currently in operational. The 
views of the landfills are shown in Figs. 3.1 to 3.8. The sample collection is shown 
in Fig. 3.9. 
3.1 Some views of the Autonagar landfill. 
 
Figure 3.1. Autonagar landfill inside view  
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Figure 3.2. Autonagar landfill inside view  
 
 
Figure 3.3. Autonagar landfill inside view  
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Figure 3.4. Autonagar landfill inside view  
3.2 Some views of Jawaharnagar landfill. 
 
Figure 3.5. Jawaharnagar landfill inside view  
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Figure 3.6. Jawaharnagar landfill inside view  
 
 
Figure 3.7. Jawaharnagar landfill backside view  
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Figure 3.8. Jawaharnagar landfill backside view  
It is observed from Autonagar sample as shown in Fig. 3.10 that the gravel 
percentage is high. However, samples from Jawaharnagar as shown in Figs. 3.11 
and 3.12 are processed and there are rich in paper, plastics and flyash. The 
composition of MSW samples is presented below. 
Table 3.1: Waste Composition of Autonagar Sample 
Gravel 63% 
Plastic 16% 
Glass 10% 
Text tile 7% 
Others (Metal+Bones+Paper) 4% 
From this composition it noted that in Autongar landfill which is presently closed 
landfill here Gravel percentage is maximum. 
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Table 3.2: Waste Composition of Jawharnagar 1 Sample 
Plastic 21% 
Paper 42% 
Gravel 9% 
Glass 3% 
Text tile 11% 
Metal 2% 
Others (Wood+fabrics+Light Bulbs) 12% 
Here paper and plastic percentage is more means the MSW is a mixture of light 
materials. 
Table 3.3: Waste Composition of Jawharnagar 1 Sample 
Fly ash 67% 
Plastic 16% 
Glass 11% 
Others 6% 
In this waste sample fly ash percentage is more so this sample is finer within all 
samples.  
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Fig 3.9. Collecting Sample  
 
Fig 3.10. Autonagar Sample  
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Fig 3.11. Jawaharnagar 1 Sample  
 
Fig 3.12. Jawaharnagar 2 Sample  
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3.7 Grain Size Distribution of Municipal Solid Waste Samples.  
The different sieve sizes used for the experiment are shown in Fig. 3.13. The 
percentage of different grain sizes contained within the MSW samples are 
determined by the sieve analysis particles. The grain size distribution (GSD) curves 
for all the three samples are presented in Figs 3.14, 3.15, 3.16 and 3.17. The 
definitions of coefficient of uniformity and coefficient of curvature are given below 
• Coefficient of Uniformity Cu is defined as , Cu  = 60
10
D
D
      (1) 
• Coefficient of Curvature Cc is defined as , Cc  = 
2
30
10 60
D
D D
               (2) 
Where D10 = 10% of the sample finer in weight on the GSD Curve. 
            D30 = Grain Diameter (mm) corresponding to 30% finer than. 
            D60 = Grain Diameter (mm) corresponding to 30% finer than. 
For a sample to be well graded, Cc must lie between 1 and 3 and in addition 
to this, Cu must be greater than 4 for gravels and greater than 6 for sands. 
 Percentage on a particular sieve = 
weight of soil retainedon that sieve
100
totalweight of soiltaken
  
 Cumulative percentage retained = sum of percentage retained on all sieves of 
larger sizes and the percentage retained on that particular sieve 
 Percentage finer that the sieve under reference = 100% - cumulative 
percentage retained. 
Equipment. 
Balance, Set of sieves, Cleaning brush, Sieve shaker, Mixer. 
Procedure. 
• First note down the size of the sieves from 22.4mm to 75   to be used in the 
analysis. 
• Record the weight of the dry MSW sample.  
• Make sure that all the sieves are clean, and assemble them in the ascending 
order of sieve numbers pour the MSW sample into the top sieve and place 
the cap over it. 
• Place the sieve stack in the mechanical shaker and shake for 10 minutes. 
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• Remove the sieves from the shaker and carefully weight and record the 
weight of each sieve with its retained MSW. Remember to weight and record 
the weight of the bottom pan with its retained fine MSW. 
          
Fig 3.13. Sieve Sizes used in Analysis 
Table 3.4. Grain Size Distribution (GSD) for Autonagar Sample 
Sieve (mm) Mass (g) 
% 
retained Cumulative % passing 
22.40 195.50 9.78 9.78 90.23 
19.00 28.50 1.43 11.20 88.80 
11.20 201.50 10.08 21.28 78.73 
9.50 36.50 1.83 23.10 76.90 
4.75 232.50 11.63 34.73 65.28 
2.00 247.00 12.35 47.08 52.93 
1.18 400.00 20.00 67.08 32.93 
1.00 106.50 5.33 72.40 27.60 
0.60 135.00 6.75 79.15 20.85 
0.43 132.00 6.60 85.75 14.25 
0.30 112.50 5.63 91.38 8.63 
0.15 123.00 6.15 97.53 2.48 
0.08 32.00 1.60 99.13 0.88 
pan 15.00 0.75 99.88 0.125 
                                   =1997.5gm.  = 99.9% 
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Fig 3.14. GSD Plot of Autonagar Sample 
Gravel  11.6% 
Sand  87.7% 
Fines  0.75% 
       
 It can be noted from Fig. 3.14 that  
               D
10 
= 0.34
 
               D
30   
= 1.2 
                D
60 
= 3 
 Cc = 
2
30
10 60
D
D D
= 1.41 
 Cu = 60
10
D
D
= 8.82 
 
Hence, the Autonagar MSW is classified as "Well graded sand". 
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Table 3.5. Grain Size Distribution for Jawaharnagar 1 Sample 
Sieve (mm) Mass (g) % retained Cumulative % passing 
22.4 45 2.25 2.25 97.75 
19.0 38.5 1.925 4.175 95.825 
11.2 247 12.35 16.525 83.475 
9.50 72 3.6 20.125 79.875 
4.75 722.5 36.125 56.25 43.75 
2.00 342.5 17.125 73.375 26.625 
1.18 241 12.05 85.425 14.575 
1.00 69.5 3.475 88.9 11.1 
0.60 48 2.4 91.3 8.7 
0.425 53.5 2.675 93.975 6.025 
0.300 37 1.85 95.825 4.175 
0.150 47 2.35 98.175 1.825 
0.075 21 1.05 99.225 0.775 
pan 13 0.65 99.875 0.125 
                                  =1997.5gm.          = 99.9% 
 
 Fig 3.15. GSD Plot of Jawaharnagar 1 Sample (Processed Waste) 
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Gravel  36.2% 
Sand  63.2% 
Fines  0.6% 
 
 It can be noted from Fig. 3.15 that  
               D
10 
= 0.9
 
               D
30   
= 2.5 
                D
60 
= 6.8 
 Cc = 
2
30
10 60
D
D D
= 1.02 
 Cu = 60
10
D
D
= 7.5 
It can be observed that the Jawaharnagar 1 MSW sample is classified as "Well 
graded sand".  
Table 3.6. Grain Size Distribution for Jawaharnagar 2 Sample (Fly ash Waste) 
Sieve (mm) Mass (g) 
% 
retained Cumulative % passing 
22.40 164.5 8.225 8.225 91.775 
19.00 27 1.35 9.575 90.425 
11.20 131 6.55 16.125 83.875 
9.50 37 1.85 17.975 82.025 
4.75 171 8.55 26.525 73.475 
2.00 152 7.6 34.125 65.875 
1.18 240 12 46.125 53.875 
1.00 116 5.8 51.925 48.075 
0.60 189 9.45 61.375 38.625 
0.425 263 13.15 74.525 25.475 
0.300 223.5 11.175 85.7 14.3 
0.150 212.5 10.625 96.325 3.675 
0.075 62.5 3.125 99.45 0.55 
pan 8 0.4 99.85 0.15 
                                              =1997gm.     = 99.9% 
 
 
41 
 
 
 
      Fig 3.16. GSD Plot of Jawaharnagar 2 Sample (Fly ash Waste) 
Gravel  8.6% 
Sand  91% 
Fines  0.4% 
 
 It can be noted from Fig. 3.16 that  
               D
10 
= 0.24
 
               D
30   
= 0.49 
                D
60 
= 1.6 
 Cc = 
2
30
10 60
D
D D
= 0.63 
 Cu = 60
10
D
D
= 6.67 
So the Jawaharnagar 2 MSW sample is classified as "Poorly graded sand".  
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Fig 3.17. Compare of three samples GSD Curve 
 
The comparison of GSD curves all the three samples is presented in Fig. 3.17 and it 
can be clearly noted that Jawaharnagar 2 sample (flyash) contain more fines.  
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Chapter 4. Geotechnical 
Characteristics 
4.1 Determination of Field Moisture Content 
Moisture content (MC) is a crucial parameter for degradation of solid waste 
in landfills. The moisture content of solid wastes is usually expressed as the weight 
of moisture per unit weight of wet or dry material. In the wet-weight method, the 
moisture in a sample is expressed as a percentage of the wet weight of the material; 
in the dry-weight method, it is expressed as a percentage of the dry weight of the 
material.  The wet-weight of moisture content is expressed as follows. 
Moisture content (%) = 
Ww
100%
Ws
  (1) 
Where Ww is weight if solids and Ws is the weight of samples. In general, the 
moisture content varies from 15 to 40 percent, depending on the composition of the 
wastes, the season of the year, and the humidity and weather conditions, i.e 
particularly rainy season. 
Equipment. 1. Can 2. Weighing Balance 3. Oven 
Procedure. 
• First take the weight of an empty can. 
• Fill the MSW sample and note the weight of the can after filling MSW 
sample. 
• Keep that MSW filled can in an oven for 24 hours with maintaining 
temperature around 100o-105oC.  
• After 24 hour note down the weight of the can. 
Table 4.1. Field Moisture Content Determination of Autonagar Sample  
Weight of Empty Container (W1) 51.47 gm. 
Weight of Empty Container + Sample (W2) 283.756 gm. 
Weight of Container + Dry Sample (W3) 266.545 gm.  
Moisture Content =  
Ww
Ws
×100% = 2 3
3 1
w w
w w


×100% = 
283.765 266.545
266.545 55.47


×100% = 8.16%  
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Table 4.2. Field Moisture Content Determination of Jawaharnagar 1(processed 
waste)  
Weight of Empty Container (W1) 51.6 gm. 
Weight of Empty Container + Sample (W2) 131.085 gm. 
Weight of Container + Dry Sample (W3) 121.07 gm.  
Moisture Content =  
Ww
Ws
 ×100% = 2 3
3 1
w w
w w


 ×100% = 
131.085 121.07
121.07 51.60


×100% = 14.42%  
 
Table 4.3. Field Moisture Content Determination of Jawaharnagar 2 (Fly ash 
waste)  
Weight of Empty Container (W1)  52.48 gm. 
Weight of Empty Container + Sample 
(W2) 
 261.68 gm. 
Weight of Container + Dry Sample 
(W3) 
258.65 gm.  
Moisture Content = 
Ww
Ws
×100% = 2 3
3 1
w w
w w


×100% = 
261.680 258.65
258.65 52.485


×100%=1.47%  
 
Table 4.4. Field Moisture Content of all the three Samples 
                               Sample Field Moisture Content 
Autonagar 8.16% 
Jawaharnagar 1 (processed waste) 14.42% 
Jawaharnagar 2 (Fly ash waste) 1.47% 
 
It can be noted from Table 4.4 that the processed waste collected from 
Jawaharnagar 1 has maximum water content as it contains plastic. However, the 
moisture content of flyash rich waste collected from Jawaharnagar 2 is the least. 
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4.2 Material Loss Fraction (MLF). 
Material Loss Fraction (MLF) at a given temperature is defined as the ratio of the 
weight of material Wl that was lost during heating at a specific temperature divided 
by the weight of the material that remained Wd (“dry”) during this stage. It is 
expressed mathematically by the equation. 
                                                 MLF (@To C) = l
d
W
W
     (3) 
The tested material needs to be described as the resulting MLF value will depend on 
the composition of the material. 
Organic content is defined as the ratio of the weight of the less than 20 mm material 
loss to the weight of the material remained during heating at a temperature of 440 
degrees Celsius according to the ASTM D2974-87 (1995) procedures. Researchers 
in the literature have used the MLF (440oC) waste as the organic content of the 
waste. 
Two representative samples of the less than 20 mm material are placed in a muffle 
furnace and are heated at 440 degrees Celsius, until the material reaches a constant 
mass. If a large muffle furnace is available, larger quantities of the less than 20 mm 
material are used and also the larger than 20 mm material can be tested. The 
Material Loss Fraction of the fraction that is less than 20 mm after the completion of 
this stage is defined as organic content. 
For my threes samples MLF values are following – 
Autonagar Sample – 0.26 = 26% 
Jawaharnagar 1 Sample – 0.77 = 77% 
Jawaharnagar 2 Sample – 0.60 = 60% 
 
From the MLF values it is clear that Jawharnagar 1 sample has maximum organic 
matter content as it is processed waste and Autonagar sample where organic matter 
percentage is less.  
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4.3 Specific Gravity Determination using Pycnometer.  
Specific gravity is broadly defined as the ratio of the density (mass of a unit 
volume) of a substance to the density of a standard reference substance. The 
definition used in geotechnical engineering is ‘‘the ratio of the mass of a unit 
volume of soil solids to the mass of the same volume of gas-free distilled water at 
20oC’’ (ASTM D854), where the specific gravity is expressed as. 
Gs = s
w


 (4) 
Where Gs is the specific gravity of soil solids, s  is the density of soil 
solids, and w  is the density of water at 20
oC. Water Pycnometry to determine 
specific gravity of MSW was adopted by Hettiarachchi (2005), Entenmann and 
Wendt (2007), Reddy et al. (2009a, 2011), Breitmeyer (2011) and Wu et al. (2012). 
The test method requires testing on solids smaller than 4.75 mm diameter and a 
pycnometer with a minimum capacity of 250 mL. However, the use of a 500-mL 
Pycnometer as show in Figs. 4.1 and 4.2 is common in geotechnical engineering 
practice. The specific gravity of MSW can be determined using the following 
relation. 
G = 2 1
2 1 3 4
M M
(M M ) (M M )

  
     (5) 
Where 
M1 = mass of empty Pycnometer, M2 = mass of the Pycnometer with dry MSW, M3 
= mass of the Pycnometer and MSW and water and M4 = mass of Pycnometer filled 
with water only. 
Equipment.  
1. Pycnometer of about 500 ml capacity. 
2. Weighing balance. 
3. Glass rod 
Procedure. 
• First record the weight (M1) of an empty (tightly screw its cap) clean and dry 
pycnometer. 
• Unscrew the cap and fill it about 200g of oven dried MSW in the 
Pycnometer. Screw the cap and determine the mass (M2).  
• Unscrew the cap and add sufficient amount of water into the Pycnometer so 
as to cover the MSW. Screw the cap and shake well the Pycnometer. 
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• Pycnometer must be full with water completely. Dry it from outside and note 
down its mass as M3. 
• Now empty the Pycnometer, clean it and wipe it dry.  
• Now fill the Pycnometer with water only. Wipe it dry outside and note down 
its mass with full of water (M4). 
 
Fig 4.1. Empty Pycnometer 
 
Fig 4.2. Pycnometer with water and MSW Sample 
Table 4.5. Specific Gravity of Autonagar Sample 
Mass of empty Pycnometer (M1) 670 gm. 
Mass of the Pycnometer with dry MSW (M2) 870 gm. 
Mass of the Pycnometer and MSW and water (M3) 1615 gm. 
Mass of Pycnometer filled with water only  (M4) 1520 gm. 
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                G = 2 1
2 1 3 4
M M
(M M ) (M M )

  
= 
870 670
(870 670) (1615 1520)

  
= 1.9 
 
Table 4.6. Specific Gravity of Jawaharnagar 1 Sample (Processed Waste) 
Mass of empty Pycnometer (M1) 670 gm. 
Mass of the Pycnometer with dry MSW (M2) 870 gm. 
Mass of the Pycnometer and MSW and water (M3) 1622 gm. 
Mass of Pycnometer filled with water only  (M4) 1520 gm. 
                G = 2 1
2 1 3 4
M M
(M M ) (M M )

  
= 
870 670
(870 670) (1622 1520)

  
= 2.04 
 
Table 4.7. Specific Gravity of Jawaharnagar 2 Sample (Fly ash Waste) 
Mass of empty Pycnometer (M1) 670 gm. 
Mass of the Pycnometer with dry MSW (M2) 870 gm. 
Mass of the Pycnometer and MSW and water (M3) 1631 gm. 
Mass of Pycnometer filled with water only  (M4) 1520 gm. 
                G = 2 1
2 1 3 4
M M
(M M ) (M M )

  
= 
870 670
(870 670) (1631 1520)

  
= 2.25 
 
Table 4.8. Specific Gravity of three Samples 
                               Sample                      Specific Gravity 
Autonagar 1.90 
Jawaharnagar 1 (processed waste) 2.04 
Jawaharnagar 2 (Fly ash waste) 2.25 
 
It can be noted from Table 4.8 that the specific gravity of the Jawaharnagar 2 
sample is more than the other two samples as it contains more fine particles. 
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4.3.1 Compare the Specific Gravity with Literature Study 
Table 4.9 present the comparative study of specific gravity of MSW with 
reference to values reported in the literature. 
Table 4.9. Specific Gravity values from Literature 
Reference Specific Gravity G 
ASTM D854  Hettiarachchi (2005) 1.60 
Water Pycnometry Entenmann and Wendt (2007) 1.70 
ASTM D854 - Reddy et al. (2009a) 0.85 
ASTM D854 - Reddy et al. (2009a) 0.97 
ASTM D854 - Reddy et al. (2011) 1.09 
ASTM D854 - Reddy et al. (2011) 2.20 
Modified ASTM D854  - Breitmeyer (2011) 1.34 
Modified ASTM D854 - Breitmeyer (2011) 1.65 
ASTM D854 - Wu et al. (2012) 1.51 
Water Pycnometry - Autonagar Sample 1.90 
Water Pycnometry - Jawharnagar 1 Sample 
(processed waste) 
2.04 
Water Pycnometry - Jawaharnagar 2 sample (fly ash 
waste) 
2.25 
 
It can be noted from Table 4.9 that the Autonagar sample shows less specific 
gravity than Jawaharnagar sample due to less number of fines content in the sample. 
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Fig 4.3. Comparison Chart with Literature Values 
4.4. Unit Weight of Municipal Solid Waste Samples 
 The unit weight of MSW is an important parameter in engineering analyses 
of landfill engineering. The unit weight must be expressed with due regard to the 
state of MSW. The bulk and dry unit weights the MSW can be defined as follows. 
Bulk Unit weight ( t ) is defined as 
W Weight of MSW
V Volumeof MSW
t    (6) 
Dry Unit weight ( d ) is defined as
t
1
d
w

 

 (7)  
Where w = moisture content of MSW 
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Fig 4.4. Mould 
Volume of the mould is given by V = 2r h   (8) 
Substituting, r = 5 cm, height h = 12.5 cm in the above Eqn. results in, V = 981.75 
cm3 
Table 4.10. Unit Weight Calculations of Autonagar Sample  
Mass of empty Mould 4.66 kg 
Mass of compacted MSW and 
Mould   
6.20 kg 
Weight of MSW 1.54 kg 
Bulk Unit weight ( t ) 1540/981.75 = 1.57 gm/cm
3 
Dry Unit weight ( d ) 1.57/(1 + 0.0816) = 1.45 gm/cm
3 = 14.5 kN/m3  
 
Table 4.11. Unit Weight Calculations of Jawaharnagar 1  
Mass of empty Mould 4.66 kg 
Mass of compacted MSW and 
Mould   
5.36 kg 
Weight of MSW 0.7 kg 
Bulk Unit weight ( t ) 700/981.75 = 0.713 gm/cm
3 
Dry Unit weight ( d ) 0.713/(1 + 0.1442) = 0.623 gm/cm
3 = 6.23 kN/m3  
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Table 4.12. Unit Weight Calculations of Jawaharnagar 2  
Mass of empty Mould  4.66 kg 
Mass of compacted MSW and 
Mould   
6.15 kg 
Weight of MSW 1.49 kg 
Bulk Unit weight ( t ) 1490/981.75 = 1.52 gm/cm
3 
Dry Unit weight ( d ) 1.52/(1 + 0.0147) = 1.50 gm/cm
3 = 15 kN/m3  
4.4.1 Comparative study of Unit Weights  
The values of unit weights published in the literature and current values of 
specific gravity are compared in Table 4.13 and Fig. 4.5. 
Table 4.13. Published values of unit weights  
Reference Unit Weight (kN/m3) 
Konig and Jessberger (1997) 3 
Fassett (1993) 17 
Zekkos (2005b) 3 
Landva and Clark (1986) 8 
Kavazanjian et al. (1995) 6 
Kavazanjian et al. (1996) 10 
Kavazanjian et al. (1999) 12 
Kavazanjian et al. (1999) 15 
Gomes et al. (2002) and Matasovic (1998) 5 
Jawaharnagar 1 (processed waste) landfill 6.23 
Jawaharnagar 2 (fly ash waste) landfill 15 
Autonagar landfill 14.5 
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Fig 4.5. Comparison Chart of Unit Weight with Literature Values 
 
It can be noted from Fig. 4.5 that Jawaharnagar 2 sample shows highest unit weight 
due to presence of fly ash content.  
4.4.2 Quantifying variability by Drawing Histogram, P-P and Q-Q 
Plot 
The histogram shows the distribution of measurements on a continuous variable. 
Bars on the histogram represent arbitrarily chosen intervals or bins. The height or 
length of the bar relates to the number of observations counted within each bin. The 
probability plot is used to test whether a dataset follows a given distribution. It 
shows a graph with an observed cumulative percentage on the X axis and an 
expected cumulative percentage on the Y axis. If all the scatter points are close to 
the reference line, we can say that the dataset follows the given distribution. A Q-Q 
(Quantile-Quantile) plot is another graphic method for testing whether a dataset 
follows a given distribution. It differs from the probability plot in that it shows 
observed and expected values instead of percentages on the X and Y axes. If all the 
scatter points are close to the reference line, we can say that the dataset follows the 
given distribution.  
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The lognormal probability density function of unit weight can be calculated using 
the following Eqn.  
 
 
2
2
ln1 1
exp
22
f


 

 
      
    (9) 
Table 4.14. Histogram calculations for unit weight 
Bin Centers Counts Cumulative Sum Cumulative Probability Frequency Density 
5 5 5 11.62791 0.11627907 
7 10 15 34.88372 0.23255814 
9 13 28 65.11628 0.302325581 
11 7 35 81.39535 0.162790698 
13 2 37 86.04651 0.046511628 
15 4 41 95.34884 0.093023256 
17 2 43 100 0.046511628 
 
Table 4.15. Histogram - Unit Weight and Probability Density Function 
 
Density,   Probability Density Function 
( )f   
Density,   Probability Density 
Function ( )f   
4.56 0.001788 9.8 0.169162 
5.00 0.005296 9.87 0.168254 
5.15 0.007273 9.89 0.16797 
5.34 0.01051 10.0 0.166216 
5.60 0.016458 10.05 0.165317 
6.00 0.029427 10.37 0.158201 
6.23 0.039014 10.68 0.149453 
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6.44 0.049014 11.0 0.139052 
6.60 0.057325 11.4 0.12488 
6.76 0.066123 11.47 0.122328 
6.80 0.068385 12.25 0.094041 
7.00 0.079971 13.19 0.063978 
7.04 0.082328 14.5 0.034009 
7.10 0.085878 15.0 0.026115 
7.23 0.093597 15.08 0.02501 
8.00 0.136213 16.0 0.014949 
8.48 0.155959 17.59 0.005781 
8.80 0.164845 - - 
8.95 0.167734 - - 
9.30 0.171297 - - 
9.30 0.171297 - - 
9.42 0.171525 - - 
9.70 0.170215 - - 
 
It may be observed from Fig. 4.6 that the unit weight of MSW is lognormally 
distributed with mean = 9.41 kN/m3 and COV = 34.73%. The COV associated with 
MSW unit weight is 34.73% higher than that of soil (i.e 10%).  
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                            Fig 4.6. Histogram of Unit Weight 
 
     Fig 4.7. P-P Plot of Unit Weight 
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             Fig 4.8. Q-Q Plot of Unit Weight 
 
Based upon analysis of laboratory data, it is noted that the MSW unit weight is 
governed by the waste composition and compaction effort applied when first placed, 
and the effective confining stress currently acting on it, which is largely a function 
of its current depth in the landfill. The P-P and Q-Q plots indicate that all the scatter 
points are close to the reference line and it can be concluded that the dataset follows 
the given lognormal distribution. 
4.5 Permeability of Municipal Solid Waste Samples  
Permeability of MSW is a measure of the ease in which leachate can flow through a 
MSW sample. It is the most important geotechnical parameter. It directly affects the 
following. 
 quantity of leachate that flows in the landfill 
 Design of the clay layer for a landfill liner. 
It can be estimated using constant head and falling head permeability tests. 
As per ASTM D2434, the constant head permeability test as shown in Fig. 4.9 can 
be conducted for MSW sample. The permeability can be determined using the 
following equation: 
QL
K
Ath
  (10) 
Where. 
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K = Coefficient of permeability (cm/sec) 
L = Length of specimen in centimeters. 
t = Time for discharge in seconds. 
Q = Volume of discharge in cm3 (assume 1 mL = 1 cm3) 
A = Cross-sectional area of sample (= П/4 × D2, D= Inside 
Diameter of the sample) 
h = Hydraulic head difference across length L, in cm of water; or it is 
Equal to the vertical distance between the constant funnel head level 
And the chamber overflow level. 
Equipment.  Mould, Balance, Scoop, cylinders, Stopwatch, Filter paper. 
 
Procedure. 
 First compact the sample within 1000 cc mould with adding a fix water 
content.  
 Assemble the constant head funnel and connect the mould with funnel. 
 Adjust the level of the funnel to allow the constant water level in it to remain 
a few inches above the top of the specimen. 
 Open the bottom outlet valve and allow water to flow into the mould. 
 As soon as water begins to flow out of the top control valve, close the control 
valve, letting the water flow out the outlet for a time. 
 Accurately measure the vertical distance between the funnel overflow level 
and the chamber outflow level. 
 Allow for passing water within the mould for the saturation of the sample 
and then fix the head. 
 Then keep a container on the outlet valve of the mould and allow water for a 
fix time and note down the time with help of stop watch. Then note down 
how much water is passing through the sample for the fix time. 
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Fig 4.9. Experimental setup for Constant Head Permeability Test 
Table 4.16. Results for Autonagar landfill Waste 
Dry Unit 
Weight (kN/ 
m3) 
              Values of L, t, Q, A, h in Different Dry Unit Weight 
L 
(cm) 
t 
(Sec) 
Q(cm3) A 
(cm2) 
h 
(cm) 
Hydraulic Conductivity K 
(cm/sec) 
10 12.5 600 1600 314.16 140  7.58×10-4   cm/sec 
12 12.5 600 960 314.16 140  4.55×10-4 cm/sec                             
14 12.5 600 210 314.16 140  9.95×10-5 cm/sec 
 
Table 4.17. Results for Jawaharnagar 1 landfill Waste 
Dry Unit 
Weight (kN/ 
m3) 
               Values of L, t, Q, A, h in Different Dry Unit Weight 
L 
(cm) 
t 
(Sec) 
Q(cm3) A 
(cm2) 
h 
(cm) 
Hydraulic Conductivity 
KT (cm/sec) 
6 12.5 600 750 314.16 140 3.55× 10-4  cm/sec                               
8 12.5 600 480 314.16 140 2.27× 10-4  cm/sec 
10 12.5 600 20 314.16 140 9.47× 10-6  cm/sec 
 
 
60 
 
 
Table 4.18. Results for Jawaharnagar 2 landfill Waste 
Dry unit weight  
(kN/ m3) 
Values of L, t, Q, A, h in Different Dry Unit Weight 
L 
(cm) 
t 
(Sec) 
Q(cm3) A 
(cm2) 
h 
(cm) 
Hydraulic Conductivity 
K (cm/sec) 
10 12.5 600 32 314.16 140 1.5×10-5 cm/sec                                  
12 12.5 600 20 314.16 140 9.47×10-6  cm/sec 
14 12.5 600 10 314.16 140 4.73×10-6 cm/sec 
 
From the Tables, 4.16, 4.17 and 4.18, it can be noted that the significant reduction 
in the permeability values can be observed with the increase in unit weight. 
Moreover, permeability of Autonagar sample is high as it contains gravels and 
permeability of Jawharnagar 2 sample is less due to presence of fine content like fly 
ash. Jawaharnagar 2 sample behaves almost like clayey sample. 
 
 
Fig 4.10. Comparison of three sample Permeability with Dry Density 
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4.5.1 Comparative study of Permeability with published Literature  
Table 4.19 and Fig. 4.11 present the comparative study of permeability of MSW 
with reference to the values reported in the literature. 
Table 4.19. Permeability values published in the Literature 
Reference Dry Unit Weight kN/m3 Permeability, K (cm/sec) 
Horiatis et al. (1984) 8.6 0.005 
Horiatis et al. (1984) 8.6 0.003 
Blieker et al. (1993) 5.9 0.00016 
Blieker et al. (1993) 11.8 0.000001 
Brandl (1994) 9.0 0.002 
Brandl (1994) 17.0 0.000003 
Beaven and Powrie (1995) 5.0 0.01 
Beaven and Powrie (1995) 13.0 0.00001 
Gabr and Valero (1995) 7.4 0.003 
Gabr and Valero (1995) 8.2 0.00015 
Powrie and Beaven (1999) 3.8 0.000034 
Powrie and Beaven (1999) 7.1 0.0000027 
Powrie and Beaven (1999) 7.1 0.000000037 
Jang et al. (2002) 7.8 0.0011 
Jang et al. (2002) 11.8 0.00029 
Penmethsa (2007) 9.3 0.0008 
Autonagar 10.0 0.000758 
Autonagar 12.0 0.000455 
Autonagar 14.0 0.0000995 
Jawaharnagar 1 Sample 6.0 0.000355 
Jawaharnagar 1 Sample 8.0 0.000227 
Jawaharnagar 1 Sample 10.0 0.00000947 
Jawaharnagar 2 Sample 10.0 0.000015 
Jawaharnagar 2 Sample 12.0 0.00000947 
Jawaharnagar 2 Sample 14.0 0.00000473 
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Fig 4.11. Comparison Chart with Literature Values 
 
It may be noted from Fig. 4.11 that the present study values fall well within the 
range of published values in the literature. The histogram of permeability along with 
the normal probability density function is shown in Table 4.20 and Fig. 4.12. The 
probability density function of the normal distribution is given below: 
 
 
2
2
1
exp
22
k
kk
k
f k

 
  
  
    (11) 
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Table 4.20. Histogram of Permeability – Bin Centers and Frequency Density 
Bin Centers Counts Cumulative Sum 
Cumulative 
Probability 
Frequency Density 
1.00E-03 25 25 83.33333 0.862068966 
0.003 3 28 93.33333 0.103448276 
5.00E-03 1 29 96.66667 0.034482759 
0.007 0 29 96.66667 0 
9.00E-03 0 29 96.66667 0 
0.011 1 30 100 0.034482759 
 
Table 4.21. Histogram - Permeability and Probability Density Function 
Permeability, K Probability Density 
Function ( )f k  
0.000000037 268.8674 
3.70E-04 372.7031 
0.000739963 436.3163 
1.11E-03 431.3735 
0.001479889 360.1795 
1.85E-03 253.9791 
0.002219815 151.2483 
2.59E-03 76.06709 
0.002959741 32.30848 
3.33E-03 11.5891 
0.003699667 3.510723 
4.07E-03 0.898167 
0.004439593 0.194058 
4.81E-03 0.035409 
0.005179519 0.005457 
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5.55E-03 0.00071 
0.005919445 7.8E-05 
6.29E-03 7.24E-06 
0.006659371 5.68E-07 
7.03E-03 3.76E-08 
0.007399297 2.1E-09 
7.77E-03 9.92E-11 
0.008139223 3.96E-12 
8.51E-03 1.33E-13 
0.008879149 3.79E-15 
9.25E-03 9.1E-17 
0.009619075 1.85E-18 
9.99E-03 3.16E-20 
0.010359001 4.58E-22 
8.51E-03 1.33E-13 
65 
 
 
 
Fig 4.12. Histogram of Permeability 
 
It is clear from the histogram presented in Fig. 4.12 that the COV of permeability is 
100%. It indicates that the high degree of variability associated permeability 
coefficient and it is important to consider this variable as random variable in 
probabilistic studies. 
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Fig 4.13. P-P Plot of Unit Weight 
 
Fig 4.14. Q-Q Plot of Unit Weight 
 For both plot it observed that the distribution follows the reference 
line. 
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4.6. Proctor Compaction Test of Municipal Solid Waste Samples 
The Proctor compaction test is a laboratory method of experimentally determining 
the optimum moisture content at which a given soil type will become most dense 
and achieve its maximum dry density. Currently, the procedures and equipment 
details for the standard Proctor compaction test is designated by ASTM D698 and 
AASHTO T99. Also, the modified proctor compaction test is designated by ASTM 
D1557 and AASHTO T180. 
Equipment. 1000 cc mould, Can, tray, and scoop 
Procedure.  
 First note down the empty weight of the mould. 
 Then compact the sample within 1000 cc mould with adding different water 
content from lower to higher range. 
 For every water content note down the mould weight with sample after 
compacting.  
 Then clean the mould and remove MSW sample then note only the weight of 
the MSW sample. 
 From this sample took some sample within can and note the weight of 
sample with can (must note the empty weight of the can) and keep it in oven 
around 105oC temperature for 24 hours. After 24 hours note the weight of 
can with sample.  
 For each fix water content do this. 
 Then for each water content calculate the dry density and draw the graph 
water content vs. dry density. From there see the OMC and MDD values of 
the samples. 
Experimental Equipment’s. 
 
Fig 4.15. Proctor Compaction Test 
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Table 4.22. Used Mould Dimensions  
Dia. of Mould 5cm 
Height of Mould 12.5 cm 
Volume of Mould 981.75 cc 
Weight of Sample 2000 gm. 
Empty Weight of Mould 4.66kg 
 
Table 4.23. Compaction Calculation of Autonagar landfill 
Percentage 
of Water 
Added 
Wt. of 
Compacted 
Soil with 
Mould (kg) 
Wt. of 
Compacted 
MSW 
Bulk 
Density 
(gm./cm3) 
Wet 
Wt.  
Dry 
Wt. 
  
Empty 
Can 
Wt. 
  
Water 
Content 
(%) 
Dry 
Density 
(gm./cm3) 
5 6.20 1.54 1.569 384.23 362.18 49.1 7.04 1.465 
10 6.39 1.73 1.762 350.72 311.24 47.15 14.95 1.533 
20 6.58 1.92 1.956 340.17 286.82 48.2 22.36 1.598 
30 6.35 1.69 1.721 321.83 250 44.710 34.99 1.275 
40 6.37 1.71 1.742 329.76 240 45.250 46.09 1.192 
 
 
Fig 4.16. Autonagar Sample Compaction Plot 
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The plot shows the maximum dry density as 16.05 kN/m3 and optimum moisture 
content of 22.4% 
Table 4.24. Compaction Calculations for Jawaharnagar 1 landfill waste 
Percentage 
of Water 
Added 
Weight. of 
Compacted 
Soil with 
Mould 
(Kg) 
Wt. Of 
Compacted 
Soil 
Bulk 
Density 
(gm/cm3) 
Wet 
Wt. 
  
Dry 
Wt. 
  
Empty 
Can 
Wt. 
  
Water 
Content 
(%) 
Dry 
Density 
(gm/cm3) 
  
5 5.72 1.06 1.08 131.12 125.87 50.1 6.93 1.01 
10 5.80 1.14 1.16 112.43 105.45 49.1 12.39 1.03 
15 5.88 1.22 1.24 121.43 110.35 49 18.06 1.05 
20 5.95 1.29 1.31 138.34 122.31 51 22.48 1.07 
25 5.92 1.26 1.28 149.87 128.61 50 27.04 1.01 
30 5.90 1.24 1.26 158.58 131 51.025 34.49 0.94 
 
 
Fig 4.17. Jawaharnagar 1 Sample Compaction Plot 
The plot show Maximum Dry Density as 10.72 kN/m3 and Optimum Moisture 
Content 22.45% 
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Table 4.25. Compaction Calculation for Jawaharnagar 2 (fly ash waste) landfill 
Percentage 
of Water 
Added 
Wt. of 
Compacted 
Soil with 
Mould 
Weight in 
kg 
Wt. of 
Compacted 
Soil 
Bulk 
Density 
(gm./cm3) 
Wet 
Wt. 
  
Dry 
Wt. 
  
Empty 
Can 
Wt. 
  
Water 
Content 
(%) 
Dry 
Density 
(gm./cm3) 
5 6.20 1.54 1.569 229.14 216.15 52.1 7.92 1.45 
10 6.34 1.68 1.711 201.42 183.24 52.000 13.85 1.50 
20 6.60 1.94 1.976 297.34 249.82 47.150 23.45 1.60 
30 6.51 1.85 1.884 310.15 246.23 49.275 32.45 1.42 
40 6.53 1.87 1.905 331.25 245.54 48.150 43.42 1.33 
 
 
                       Fig 4.18. Jawaharnagar 2 Sample Compaction Plot 
The plot shows maximum dry density of 16.08 kN/m3 and optimum moisture 
content of 22.48%. 
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        Fig 4.18. Compare of three MSW sample Compaction curve  
Jawaharnagar1 sample shows less maximum dry density as it contains lighter 
materials, i.e. paper, plastic,…etc. Moreover, Jawaharnagar2 and Autonagar sample 
show maximum dry density of 16.05 kN/m3 as it contains more percentage of fines.  
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Chapter 5. Large Scale Direct 
Shear Test of MSW Samples 
 
 The Direct Shear test is used to measure the friction angle, cohesion, and 
under drained shear strength of soils for stability analysis. 
After characterization of the MSW samples the direct shear tests were done 
following the ASTM D6528-07. It has load capacity of 100 KN in both vertical and 
horizontal directions. 
Equipment. 
 Direct Shear box (300 x 300 x 200 mm) 
 Direct Shear Loading machine with LVDT. 
 A 2.5 cm ball bearing for applying the normal load to the sample. 
 Balance 
Procedure. 
 First compact the sample within the large scale box maintaining a fix density 
of MSW. 
 Then place the box within the direct shear loading machine. 
 It must ensure that center of the box must sit exactly under the vertical load 
cell. 
  After that bolt connections must ensure that upper box did not move during 
shearing stage. 
 Then apply given normal stress for sometimes for facilitates uniform 
application of applied normal stress. 
 Loading at the time of consolidation applied through the software. 
 After consolidation shear phase will be start but before that must remove the 
shear bolts. 
 During this phase lower box start to move along upper box. 
 Maximum allowable displacement of lower box is 50mm. 
 Displacement rate will be 1mm/min to 5mm/min. 
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 Tests were performed with different normal stress to draw a shear strength 
envelope. 
Experimental Setup.  
 
Fig 5.1. Direct Shear Apparatus 
 
Fig 5.2. Direct Shear Apparatus 
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Fig 5.3. Sample compacting in Direct Shear Box 
Shear strength of Municipal Solid-Waste (MSW) contains large variability. This is 
due to a number of reasons,  
1. including the variability of the material, which differs among different 
landfills but also is expected to be different within the same landfill,  
2. the differences in testing procedures,  
3. in the material selected to be tested material,  
4. in the assumptions made by researchers, and  
5. The fact that there is not a consistent conceptual framework to evaluate the 
results of the tests, laboratory and in-situ, performed on MSW. 
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Experiments conduct with keep changing the dry density of MSW samples.  
5.1 Results. (Autonagar Sample) 
 
Fig 5.4. Stress-Strain variation for Autonagar Sample ( 312kN / md  ) 
 
  Fig 5.5. Stress-Strain variation for Autonagar Sample ( 314kN / md  ) 
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    Fig 5.6. Stress variation for Autonagar Sample ( 312kN / md  ) 
 
           Fig 5.7. Stress variation for Autonagar Sample ( 314kN / md  ) 
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       Fig 5.8. Shear Strength Envelopes for Autonagar Sample 
The C and φ values what we are getting from the plot it is too high. Here gravel 
percentage is more, we can get φ higher value but not C. 
Why it’s happening we will discuss later after see the results of other two samples. 
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5.2 Results. Jawaharnagar 1 Sample 
 
Fig 5.9. Stress-Strain variation for Jawaharnagar 1 Sample ( 310kN / md  ) 
 
Fig 5.10. Stress-Strain variation for Jawaharnagar 1 Sample ( 312kN / md  ) 
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Fig 5.11. Stress variation for Jawaharnagar 1 Sample ( 310kN / md  ) 
 
Fig 5.12. Stress variation for Jawaharnagar 1 Sample ( 312kN / md  ) 
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             Fig 5.13. Shear Strength Envelopes for Jawaharnagar 1 Sample 
             For this processed waste also we are getting more c and φ values. 
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5.3 Results. Jawaharnagar 2 Sample 
 
Fig 5.14. Stress-Strain variation for Jawaharnagar 2 Sample ( 312kN / md  ) 
 
Fig 5.15. Stress-Strain variation for Jawaharnagar 2 Sample ( 314kN / md  ) 
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  Fig 5.16. Stress-Strain variation for Jawaharnagar 2 Sample ( 316kN / md  ) 
 
       Fig 5.17. Stress variation for Jawaharnagar 2 Sample ( 312kN / md  ) 
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       Fig 5.18. Stress variation for Jawaharnagar 2 Sample ( 314kN / md  ) 
 
 
Fig 5.19. Stress variation for Jawaharnagar 2 Sample ( 316kN / md  ) 
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                  Fig 5.20. Shear Strength Envelopes for Jawaharnagar 2 Sample 
Table 5.1. Result from Direct Shear 
Sample Density 
3(kN / m )  
Shear Parameter 
 
Autonagar 
12         C = 39.2 ,  ϕ = 55.03o 
14 C = 51.44 ,  ϕ = 46.12o 
 
Jawaharnagar 1 processed Waste 
10 C = 40.59 ,  ϕ = 53.06o 
12 C = 52.13 ,  ϕ = 46.93o 
 
Jawaharnagar 2 Fly ash Waste 
12 C = 25.33 ,  ϕ = 46.28o 
14         C = 14.43 ,  ϕ = 52o 
16  C = 32.32  ,  ϕ = 46.93o 
 
 The shear strength of MSW is primarily frictional in nature, i.e. the shear 
resistance of the material increases with confining stress. It is noted in the 
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present study that the MSW has also a largely unquantified cohesive strength 
component that is induced by the fibrous constituents of the material.  
 This statement is supported by the fact that vertical slopes of several feet in 
height have been observed to stand for a period of months to years (e.g. Eid 
et al. 2000). However, the mechanics of the fibrous reinforcement is not well 
understood. 
Overestimation of shear Parameters in Large scale direct shear test is due to. 
 For the direct shear tests performed in the laboratory, it may be noted that the 
orientation of the particles is roughly perpendicular to the horizontal 
shear failure surface and for that reason the fibrous materials do participate 
significantly in its shear response.  
 Overestimation of shear strength of MSW is attributed to fiber mobilization. 
Thus, the shear strength of MSW is highly anisotropic, and the angle 
between the fibrous material orientation and the shear surface is important.  
 This observation is consistent with information available in the literature on 
direct shear tests performed on reinforced soils, which have some similarities 
to MSW. 
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Chapter 6. Consolidated 
Undrained Tri axial Test of MSW 
Samples 
 
Tri axial test one of the most versatile and widely performed geotechnical laboratory 
tests. This method determine the angle of internal friction angle and cohesion 
strength parameters. There are three primary tri axial tests conducted in the 
laboratory, these are  
 Unconsolidated Undrained Test (UU) 
 Consolidated Undrained Test (CU) 
 Consolidated Drained Test (CD) 
UU Test is the simplest and fastest procedure. This test is generally performed on 
cohesive soil parameters. 
CD Test is applicable for describing long term loading response. 
CU Test most common tri axial procedure. By recording excess pore water pressure 
we can determine effective shear parameters in this test. 
Equipment. 
 Loading device 
 Power source with constant voltage 
 Data recording device 
 Pore pressure device 
 Balance 
 Vacuum pump 
 Pressure chamber 
Procedure. 
 First prepare the sample by placing a saturated porous stone on the pedestal 
with a filter paper on the top with maintaining a fix density of MSW. 
 Sample size 5cm × 10cm 
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 Using a vacuum membrane expander place a thin leaf proof membrane 
around the specimen. Then place O rings on the top and lower of the sample. 
 Place this sample within test chamber. 
 Then fill the water reservoir which is in the top. 
 Fill the chamber with supply of water from the reservoir. 
 After filling the chamber check the Pore Pressure Coefficient 
3
U
σ


= 1.0 = B 
 Continue to increase the back pressure and confining pressure until pore 
pressure coefficient B value at least 0.99 
 Then after saturation is over at increasing interval of elapsed time record the 
reading using software. 
 Then from the record data draw the pore pressure, deviator stress vs. axial 
strain plot and then drawn the Mohr Circle and calculate the Shear 
Parameters.  
  
Fig 6.1. Tri axial Apparatus        Fig 6.2. Tri axial Water Reservoir 
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Fig 6.3. System set up   Fig 6.4. Cell, Back Pressure 
 
 
 
 
Experiments conduct with keep changing the dry density of MSW samples. For 
Autonagar sample the test conduct with dry density 12 kN/m3, 14 kN/m3 and 16 
kN/m3 and for Jawaharnagar 1 sample the test with 6 kN/m3, 8 kN/m3, and 10 kN/m3 
dry density and for Jawaharnagar 2 sample the test with 12 kN/m3, 14 kN/m3, 16 
kN/m3 dry density conducted in laboratory. 
 
Dry density the plot for Deviator Stress vs. Axial Strain and Pore Water Pressure vs. 
Axial Strain are shown below. Also for each dry density of all samples Total Shear 
Parameter and Effective Shear Parameter Shear strength Envelope drawn below.  
Then comparison of the shear parameter value from current study with literature 
study also included. 
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6.1 Results. Autonagar Sample 
 
       Fig 6.5. Deviator Stress vs. Axial Strain Plot ( d = 12 kN/m
3) 
 
Fig 6.6. Pore Water Pressure vs. Axial Strain Plot ( d = 12 kN/m
3) 
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Fig 6.7. Shear Strength Envelope for Autonagar Sample ( d = 12 kN/m
3) 
 
Fig 6.8. Effective Shear Strength Envelope for Autonagar Sample ( d = 12 kN/m
3) 
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       Fig 6.9. Deviator Stress vs. Axial Strain Plot ( d = 14 kN/m
3) 
 
Fig 6.10. Pore Water Pressure vs. Axial Strain Plot ( d = 14 kN/m
3) 
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Fig 6.11. Shear Strength Envelope for Autonagar Sample ( d = 14 kN/m
3) 
 
Fig 6.12. Effective Shear Strength Envelope for Autonagar Sample ( d = 14 kN/m
3) 
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          Fig 6.13. Deviator Stress vs. Axial Strain Plot ( d = 16 kN/m
3) 
 
Fig 6.14. Pore Water Pressure vs. Axial Strain Plot ( d = 16 kN/m
3) 
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Fig 6.15. Shear Strength Envelope for Autonagar Sample ( d = 16 kN/m
3) 
 
Fig 6.16. Effective Shear Strength Envelope for Autonagar Sample ( d = 16 kN/m
3) 
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Fig 6.17. Comparison of Deviator Stress with increasing Dry Density of Autonagar 
MSW 
 
Fig 6.18. Comparison of Pore Water Pressure with increasing Dry Density of 
Autonagar MSW 
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It noted that with increase of Dry Density both Deviator Stress and Pore pressure 
both are increasing. 
6.2 Results. Jawaharnagar 1 Sample 
 
Fig 6.19. Deviator Stress vs. Axial Strain Plot ( d = 6 kN/m
3) 
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Fig 6.20. Pore Water Pressure vs. Axial Strain Plot ( d = 6 kN/m
3) 
 
Fig 6.21. Shear Strength Envelope for Jawaharnagar 1 Sample ( d = 6 kN/m
3) 
 
         Fig 6.22. Effective Shear Strength Envelope for Jawaharnagar 1 Sample 
                                                       ( d = 6 kN/m
3) 
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Fig 6.23. Deviator Stress vs. Axial Strain Plot ( d = 8 kN/m
3) 
 
Fig 6.24. Pore Water Pressure vs. Axial Strain Plot ( d = 8 kN/m
3) 
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Fig 6.25. Shear Strength Envelope for Jawaharnagar 1 Sample ( d = 8 kN/m
3) 
 
Fig 6.26. Effective Shear Strength Envelope for Jawaharnagar 1 Sample  
( d = 8 kN/m
3) 
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Fig 6.27. Deviator Stress vs. Axial Strain Plot ( d = 10 kN/m
3) 
 
Fig 6.28. Pore Water Pressure vs. Axial Strain Plot ( d = 10 kN/m
3) 
 
101 
 
 
 
Fig 6.29. Shear Strength Envelope for Jawaharnagar 1 Sample ( d = 10 kN/m
3) 
 
Fig 6.30. Effective Shear Strength Envelope for Jawaharnagar 1 Sample  
( d = 10 kN/m
3) 
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Fig 6.31. Comparison of Deviator Stress with increasing Dry Density of Jawaharnagar 
1 MSW 
 
Fig 6.32. Comparison of Pore Pressure with increasing Dry Density of Jawaharnagar 1 
MSW 
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6.3 Results. Jawaharnagar 2 Sample. 
 
                   Fig 6.33. Deviator Stress vs. Axial Strain Plot ( d = 12 kN/m
3) 
 
       Fig 6.34. Pore Pressure vs. Axial Strain Plot ( d = 12 kN/m
3) 
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Fig 6.35. Shear Strength Envelope for Jawaharnagar 2 Sample ( d = 12 kN/m
3) 
 
Fig 6.36. Effective Shear Strength Envelope for Jawaharnagar 2 Sample ( d = 
12 kN/m3) 
105 
 
 
 
                   Fig 6.37. Deviator Stress vs. Axial Strain Plot ( d = 14 kN/m
3) 
 
                  Fig 6.38. Pore Pressure vs. Axial Strain Plot ( d = 14 kN/m
3) 
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Fig 6.39. Shear Strength Envelope for Jawaharnagar 2 Sample ( d = 14 kN/m
3) 
 
Fig 6.40. Effective Shear Strength Envelope for Jawaharnagar 2 Sample ( d = 
14 kN/m3) 
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                   Fig 6.41. Deviator Stress vs. Axial Strain Plot ( d = 16 kN/m
3) 
 
                  Fig 6.42. Pore Pressure vs. Axial Strain Plot ( d = 16 kN/m
3) 
108 
 
 
 
Fig 6.43. Shear Strength Envelope for Jawaharnagar 2 Sample ( d = 16 kN/m
3) 
 
Fig 6.44. Effective Shear Strength Envelope for Jawaharnagar 2 Sample ( d = 
16 kN/m3) 
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Fig 6.45. Comparison of Deviator Stress with increasing Dry Density of Jawaharnagar 
2 MSW 
 
Fig 6.46. Comparison of Pore Water Pressure with increasing Dry Density of 
Jawaharnagar 2 MSW 
110 
 
 
 
Fig 6.47. Friction Angle vs. Dry Density variation for all three samples 
 
       Fig 6.48. Cohesion vs. Dry Density variation for all three samples 
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In Fig 6.47 with increase of dry density friction angle increase and in in Fig. 6.48 
with increase of density Cohesion c also increase but for Autonagar its decrease 
because of its heterogeneous behavior. 
Table 6.1. Shear parameters Chart from Literature Study  
Reference Cohesion C, 
kPa 
Friction Angle 
Landva and Clark (1986, 1990) 10 43 
Richardson and Reynolds (1991) 10 18 
Houston et al (1995) 5 33 
Edincliler et al (1996) 27 42 
Kavazanjian et al (1999) 43 31 
Mazzucato et al (1999) 43 31 
Caicedo et al (2002) 67 23 
Mahler and De Lamare Netto (2003) 2.5 21 
Xiang-rong et al. (2003) 10.2 19 
Cowland et al.(1993) 10 25 
Eid et al. (2000) 25 42 
Gabr and Valero (1995) 17 34 
Grisolia et al. (1995) 2 15 
Grisolia et al. (1995) 10 30 
Harris et al.(2006) 9 20 
Hendron et al.(1999) 19 28 
Houstan et al.(2006) 5 33 
Howland and Landva(1992) 17 33 
Jessberger et al.(1995) 0 31 
Kölsch(2009) 10 45 
Vilar and Carvalho(2002) 39.2 29 
Vilar and Carvalho(2002) 60.7 23 
Reddy et al. (2008) 12 32 
Chen et al. (2008) 0 40 
Stark et al. (2008) 6 35 
Babu et al. (2012) 10 25 
Hossain & Gabr (2009) 0 27 
Fassett et al. (1994) 10 32 
Del & Oggeri (1993) 15.7 21 
Dixon et al. (2008) 30.8 43.3 
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Table 6.2. Result from Direct Shear 
Sample Density (kN/m3) Shear Parameter 
Autonagar  12  C = 39.2 ,  ϕ = 55.03 
 14  C = 51.44 ,  ϕ = 46.12 
Jawaharnagar 1 processed 
Waste 
10  C = 40.59 ,  ϕ = 53.06 
 12  C = 52.13 ,  ϕ = 46.93 
Jawaharnagar 2 Fly ash 
Waste 
12  C = 25.33 ,  ϕ = 46.28 
 14  C = 14.43 ,  ϕ = 52 
 16  C = 32.32  ,  ϕ = 46.93 
 
Table 6.3. Result from CU Test 
Autonagar Sample. 
Shear Parameter Value C Ø C’ Ø’ 
Density 12 kN/m3 3 22 16 28.5 
Density 14 kN/m3 4.5 23 17.5 31 
Density 16 kN/m3 1.3 26 15 36 
Jawaharnagar Sample 1. 
Shear Parameter Value C Ø C’ Ø’ 
Density 6 kN/m3 0.5 14.5 5 19 
Density 8 kN/m3 1 15 4.5 21 
Density 10 kN/m3 2 16 9 21.5 
Jawaharnagar Sample 2. 
Shear Parameter Value C Ø C’ Ø’ 
Density 12 kN/m3 12.5 13.5 20.5 17.5 
Density 14 kN/m3 14 13.5 20 19 
Density 16 kN/m3 15 13.5 22 19 
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                            Fig 6.49. Cohesion vs. Friction angle Plot 
 Shear Parameters determined from CU test are falling within the range of 
Literature values   
 However, Direct Shear Test Shear Parameter results are significantly 
overestimated due to heterogeneous behavior of MSW samples. 
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Table 6.4. Histogram Chart Cohesion - Bin Centers and Frequency Density 
Bin Centers Counts Cumulative Sum 
Cumulative 
Probability 
Frequency Density 
06 35 35 30.97345 0.304347826 
16 31 66 58.40708 0.269565217 
26 22 88 77.87611 0.191304348 
36 12 100 88.49558 0.104347826 
46 5 105 92.92035 0.043478261 
56 4 109 96.46018 0.034782609 
66 4 113 100 0.034782609 
 
Drawing Cohesion histogram fit the best fit as Log Normal Distribution. Formula is 
given below -  
 
 
2
2
ln1 1
exp
22
c
cc
c
f c
c

 
      
  
          (12) 
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Table 6.5. Cohesion and Probability Distribution Function  
 
Cohesion 
(kPa), c 
Probability 
Density f(c) 
Cohesion 
(kPa), c 
Probability 
Density f(c) 
Cohesion 
(kPa), c 
Probability 
Density f(c) 
0.5 0.002068 17 0.02144 35 0.009291 
1 0.007599 17.5 0.020911 38 0.008211 
1.3 0.01117 18 0.020396 39 0.007887 
2 0.018499 18.6 0.019796 39.2 0.007824 
2.5 0.022566 19 0.019406 43 0.006745 
3 0.025717 19.5 0.01893 45 0.006253 
4 0.029827 20 0.018468 47 0.005807 
4.5 0.031051 22 0.016743 55 0.004385 
5 0.031866 23 0.015952 56 0.00424 
6 0.032587 23.3 0.015724 60.7 0.003637 
6.4 0.032622 23.5 0.015574 64 0.003278 
7 0.032478 24 0.015206 67 0.00299 
8.5 0.031418 25 0.014502 71 0.002655 
9 0.030921 27 0.01321 
10 0.029807 27.5 0.01291 
10.2 0.029571 28 0.012618 
12 0.027351 29 0.012059 
12.5 0.026725 30 0.011531 
12.8 0.02635 30.8 0.01113 
14 0.024874 31 0.011032 
15 0.023682 31.4 0.01084 
15.7 0.022875 32 0.01056 
16 0.022536 34 0.009691 
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Fig 6.50. Histogram Plot for Cohesion Values 
 It can be noted that the COV of cohesion is close to 80% which is two times 
more than the COV of soils (40% as reported by Phoon and Kulhawy, 1999). 
 
       Fig 6.51. P-P Plot for Cohesion Values 
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       Fig 6.52. Q-Q Plot for Cohesion Values 
For both in P-P and Q-Q Plot the observed and expected values are close to the 
reference line. We can say that the values follow the reference line. 
Table 6.6. Histogram Chart for Friction Angle - Bin Centers and Frequency 
Density 
Bin Centers Counts Cumulative Sum 
Cumulative 
Probability 
Frequency 
Density 
4.5 2 2 1.25786 0.012269939 
11.5 10 12 7.54717 0.061349693 
18.5 25 37 23.27044 0.153374233 
25.5 39 76 47.79874 0.239263804 
32.5 42 118 74.21384 0.257668712 
39.5 29 147 92.45283 0.17791411 
46.5 9 156 98.11321 0.055214724 
53.5 3 159 100 0.018404908 
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Table 6.7. Friction angle and Probability Distribution Function  
Friction 
Angle φ 
Probability 
Density f(φ) 
Friction 
Angle φ 
Probability 
Density f(φ) 
Friction 
Angle φ 
Probability 
Density f(φ) 
0 0.001085 20.5 0.02944 36 0.028423 
1 0.001393 21 0.030424 37 0.026314 
6 0.004231 21.5 0.031369 38 0.024141 
8 0.006193 22 0.032271 39 0.021948 
9.2 0.007649 23 0.033922 40 0.019774 
9.9 0.008599 25 0.036475 40.4 0.018918 
10 0.008741 25.6 0.037015 41 0.017655 
10.5 0.009474 26 0.037311 41.4 0.016829 
11 0.010245 26.5 0.037609 42 0.01562 
12 0.011899 27 0.037823 43 0.013695 
13.5 0.014642 28 0.037995 43.3 0.013142 
14.5 0.016625 28.7 0.03791 44 0.011899 
15 0.017655 29 0.037823 45 0.010245 
16 0.019774 29.5 0.037609 47 0.007391 
17 0.021948 30 0.037311 49 0.005142 
18 0.024141 31 0.036475 49.6 0.004579 
18.2 0.024579 32 0.035335 52 0.002788 
18.6 0.02545 33 0.033922 53 0.002232 
19 0.026314 34 0.032271 54 0.001771 
20 0.028423 35 0.030424 
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Friction Angle Normal Distribution formula given by 
 
2
2
1
exp
22
k
f




 
      
         (13) 
 
Fig 6.53. Histogram Plot for Friction Angles 
 It can be noted that the COV of friction angle is close to 40% which is 
approximately two times more than the COV of soils (20% as reported by 
Phoon and Kulhawy, 1999). 
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Fig 6.54. P-P Plot for Friction Angles 
 
Fig 6.54. Q-Q Plot for Friction Angles 
 
 Both in P-P and Q-Q Plot all the scatter points are very close to the reference 
line, so the dataset follows the given distribution. 
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Chapter 7 
Conclusion 
From the above study we can carried out the following conclusion about this 
research program -  
• The available data indicate that MSW unit weight is governed by the waste 
composition and compaction effort applied when first placed, which may be 
represented by an initial unit weight term, and the effective confining stress 
currently acting on it, which may be represented by a depth term. 
• The effect of normal stress in direct shear tests was also found to be 
important. As the normal stress increases, the shear strength of waste 
increases. 
• Non - linear shear strength envelopes to the effective circles could also be 
fitted to the data, and it is considered to be fundamentally correct. This non-
linear shear strength envelope is recommended for use in design practice.  
• It was found that the composition of MSW affects significantly the stress-
strain response of MSW. 
Limitation of the study. 
Following are the limitations of the study -  
• Overall, this study shed light on engineering properties of typical Hyderabad 
MSW landfills. However, this study is limited to small-scale testing on 
MSW samples for a shorter total testing duration.  
• In order to accurately assess the compressibility of MSW, large-scale 
laboratory or field testing is recommended on actual field MSW without 
shredding for a long duration to capture accurate engineering properties.  
• Relationships between the engineering properties and the composition and 
extent of degradation of MSW should also be explored.  
• Engineering properties should also be validated based on monitoring of 
settlement at actual MSW landfills.  
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